Abstract-Small-signal stability assessment of the threephase system can be performed using the measured impedances of the load and source. To obtain the dc steadystate operation point, the impedances are measured in the rotating dq-frame, and the phase angle is needed for the coordinate transformation used in both the perturbation injection and the impedance calculation. However, the phase estimation may introduce additional dynamics, affecting the accuracy of impedance measurement. This paper investigates the impact of phase synchronization dynamics on the measured impedance results. It is revealed that the phase variations in the perturbation injection has little effect on the measured impedance, while the phase dynamics introduced in the impedance calculation may have a significant impact. Based on impedance transformation, a new impedance calculation method is proposed, which can reduce the errors caused by the phase dynamics. Finally, the simulation and experiment results verify the accuracy of the analytical results and the effectiveness of the proposed method.
I. INTRODUCTION
The impedance-based stability analysis method has been widely applied in the power-electronics-based power system [1] , [2] . In the case of three-phase system, the small-signal impedance model can be developed in the rotating dq-frame for stability analysis [3] . However, the analytical dq impedance model is difficult to be obtained because system operators have no access to the detailed data of power converters. Thus, there is a huge demand for impedance measurement in the dq-frame.
In practical system, there are no d-axis or q-axis terminals for voltage and current measurements. The voltage and current have to be measured in the abc-frame via sensors first and then transformed into dq-frame. Similarly, the perturbation is usually designed in the dq-frame and then transformed into the abc-frame. Hence, in order to measure the impedance model in the dq-frame, the synchronization phase has to be estimated for the coordinate transformation. In general, the phase can be obtained by using PLL or other algorithms. However, among many dq-impedance measurement methods, few of them have considered the impact of the phase dynamics on the impedance measurement. A three-phase bridge converter or wound rotor induction machine operating at the synchronous speed are used to inject the current perturbation in [4] . This work does not explain how to obtain the synchronization phase angle or how the synchronization phase angle affects the impedance measurement results. Using Fast Fourier Transform (FFT) on the grid voltage, the phase information can be calculated directly [5] . However, a small frequency drift of the grid voltage during the impedance measurement will result in large phase errors. To overcome this drawback, PLL for the grid synchronization of the current control is directly used to provide the synchronization phase for the perturbation injection and impedance calculation [6] , [7] . Since the control bandwidth of this PLL is relatively high, it may lead to large errors, especially in the low-frequency range [8] . In order to avoid the error introduced by the synchronization phase angle using PLL, a decoupled perturbation injection method was proposed in [9] . This estimation method only uses the d-axis voltage that is not affected by the dynamic influence of the PLL to calculate the grid impedance, which may not be suitable for the measurement of the converter impedance. As for the converter impedance measurement, the bandwidth of the PLL for impedance calculation was usually set much lower than the lowest injected perturbation frequency to reduce these errors cased by the synchronization phase dynamics [10] - [11] . In this case, however, the control bandwidth of the PLL for the impedance calculation has to set extremely low when the injected perturbation frequency is small, e.g. a few Hz, and the low-bandwidth PLL would take a long time to obtain the grid frequency and cannot track the system frequency variations accurately, which significantly influences the impedance measurement results. The influence of PLL dynamics on the accuracy of the impedance measurement results was analyzed and a correction method of the impedance measurement was proposed in [8] . However, the impedance error introduced by PLL cannot be eliminated at the frequency below the bandwidth of the PLL used for impedance calculation.
In order to define the appropriate phase for impedance measurement, this paper analyzes the influence of coordinate transformation angels on the accuracy of the impedance measurement and proposes a new impedance calculation method based on impedance transformation, so as to further reduce the errors caused by the phase dynamics. The effectiveness of the proposed method has been validated by the simulation and experiment results.
II. IMPEDANCE MEASUREMENT IN THE D-Q FRAME
For the balanced and symmetrical three-phase AC system, the dq impedance model is widely used, since there exists a dc operation point in the dq-frame. Similarly to DC systems, the relationship between small variations of dq-axis voltages and currents can be applied to describe the dq impedance characteristic of converters. Thus, the smallsignal dq impedance model of converters can be derived by linearizing voltages and currents around its steady-state operating point, as shown in (1) .
where denotes a small-signal variation of the respective variables from the equilibrium point.
However, since in the small-signal analysis the converter acts as a current source, the impedance is presented as an admittance, which can be rewritten as (2) In general, the basic principle of the impedance measurement is to inject the perturbation into the system and then calculate the impedance based on the response of the voltage and current at its terminal. The detailed flowchart of the impedance measurement procedure is shown in Fig.1 . As can be seen, in order to obtain the impedance over a wide frequency range and save measuring time, a broadband signal, pseudo random binary sequence (PRBS) is chosen as the excitation signals (perturbations). The magnitude and frequency of this excitation signal must be designed carefully to fully excite the dynamic characteristic of the converter [13] . In general, since the impedance model to be measured is the small-signal impedance model, the magnitude of the PRBS should not exceed 10% of the rated values.
After designing the PRBS signals, the perturbations have to be injected into the system to generate the voltage and current response of the converter. In general, there are two types of perturbation injection methods: shunt current injection that is better for low impedance measurement and series voltage injection that is more suitable for high impedance measurement. In this paper, the shunt current injection is adopted for the impedance measurement of the converter because this method is much easier to implement for the experimental verification. Nevertheless, the type of the injection method does not influence the analysis results of the synchronization phase angle on the impedance measurement.
In order to acquire the specific components of the impedance matrix as shown in (2), two linearly independent perturbations are required to gain enough information. The synchronization phase angle for definition of the perturbation dq-frame must be obtained first to guarantee the perturbation to be injected in the corresponding measured dq-frame. Based on the synchronization phase angle for the perturbation injection, the PRBS excitation signal with the frequency of interest is firstly generated on the d-axis while the q-axis perturbation is equal to zero. Similarly, a second PRBS perturbation sequence is implemented but injecting the q-axis perturbation instead, with the d-axis components being zero.
The measured output current and voltage of the converter are then transformed to the rotating dq-frame based on the synchronization phase angle for the impedance calculation. Applying FFT to transformed variables, the magnitude and phase information for each voltage and current at the injected frequency would be extracted at a time.
Based on the extracted magnitude and phase information, the impedance calculation algorithm developed in [10] was used to calculate the converter impedance in the dq-frame, which can be calculated as (2).
where subscript '1, 2' mean two linearly independent perturbations. Fig. 2 shows the system diagram of the impedance measurement setup. In order to distinguish the influences of synchronization phase angles, two different synchronization phases p and m are used to denote the synchronization phase angles for the perturbation injection and the impedance calculation, respectively. Either PLL or other alternative algorithms can be used to obtain the synchronization phase angles [14] . In this setup, the PLL is adopted to generate the synchronization phase angle for the perturbation injection and impedance calculation. It should be noted that the PLL used for the perturbation injection and the PLL for impedance calculation have nothing to do with the PLL used inside the converter under test. In general, the PCC voltage is considered as the input of PLLs used for both the perturbation injection and impedance calculation so the injected perturbations will definitely influence the output synchronization phase angle of the PLL. The influence of the synchronization phase angle are separated by two parts in respect to the purposes, i.e. the perturbation injection and the impedance calculation, which will be discussed in Section III. 
Since the steady-state value of the injected perturbations 0 0 p pd q U , in the perturbation dq-frame are zero, the dynamic influence of the PLL is avoided, as shown in (5) . Therefore, the different bandwidth of the PLL for perturbation injection will not influence the accuracy of impedance measurement results.
On the other hand, the relationship between the current perturbation in the perturbation dq-frame and in the PCC dqframe can be derived 
In addition, (5) can be simplified as 
where different values of 1 represent different compositions of the current and voltage perturbations for the calculation of the impedance. In the physical sense, it merely means that the perturbations injected at different electrical point of the system. Base on the current and voltage expression of (6) Y dq represents the admittance matrix of the converter in the PCC dq-frame (desired admittance measurement). As can be found from (8), the initial phase for the perturbation injection has no influence on the impedance measurement, which means that where to inject perturbations into the system does not influence the impedance measurement results.
B. Influence of Synchronization Phase Dynamics on
Impedance Calculation After injecting the perturbation into the system, the abcframe voltage and current at converter's terminal are obtained, which are transformed into dq quantities based on the synchronization phase angle used for the impedance calculation. If the synchronization phase angle is generated by a PLL, the dynamic impact of the PLL will be superposed on the measured currents and voltages. Assuming the real phase of the PCC voltage is and the estimated phase is m, there exists an angle difference between and m due to the dynamic influence of the PLL. From the perspective of the measurement, two angle differences, and ' are caused by the PLL due to two linearly independent perturbations, as shown in Fig.4 . Therefore, the relationship between the measured voltages in the PCC dq-frame (superscript 's') and in the estimated dq-frame (superscript 'm') can be obtained. 
Base on formulation (5) and (6), (9) and (10) According to (11) and (12) 
where a mismatch between the real admittance and measured admittance caused by the dynamic influence of the PLL can be clearly observed. Hence, in order to mitigate this effect on the admittance measurement results, the terms 0 
IV. IMPEDANCE CALCULATION BASED ON IMPEDANCE TRANSFORMATION
The reason why the measured impedance exists difference is that measured results contain the dynamic influence of the PLL used for the detection of the phase. As can be seen from Fig. 4 , the impedance is intended to be measured in the PCC voltage dq-frame. However, the PLL used for tracking the PCC voltage phase brings about phase error in the impedance measurement, which significantly influence the accuracy of the measurement results. Therefore, based on the impedance transformation, which also has been discussed in [15] , the impedance is measured first in the grid dq-frame and then transformed into the PCC voltage dqframe based on its constant angle difference 2, as shown in Fig. 3 .
Although there exist perturbations injected into the system, they do not influence the PCC voltage phase, since the perturbations do not contain the fundamental frequency component. In addition, since the grid voltage is constant, the introduction of the PLL does not bring dynamic influence in the impedance measurement. Nevertheless, in the real power system, the gird voltage is difficult to obtain, so this method can only be applied for measuring the impedance of the converter for manufacturers. The relationship between the voltage and current in the PCC-and grid-voltage dq-frames are derived 2 
V. SIMULATION VALIDATION
In order to verify the theoretical analysis, an impedance measurement setup shown in Fig. 1 is simulated. The measurement frequency is from 1.9Hz to 1000Hz and its magnitude is chosen as 10% of the rated current. Table I shows the parameters of the converter under test. Since the admittance of Ydd and Yqq are much larger than the admittance of Ydq and Yqd [16] , only the measured results of Ydd and Yqq are provided in this paper for simplicity. In order to investigate the influence of the synchronization phase angle on the impedance measurement results, five cases are designed, as shown in Table II . Case 1 and Case 2 have different initial phase and bandwidths of PLL for perturbation injection, while Cases 3-5 have different bandwidths of PLL for impedance calculation. Fig .5 shows the admittance of Ydd and Yqq under different angles used for the perturbation injection. It is clear that the synchronization angle for perturbation injection has little influence on the impedance measurement. This is mainly because that the perturbation is only used for exciting the response of the system and does not influence the impedance measurement results. Fig. 6 shows the admittance of Ydd and Yqq under different bandwidth of PLL used for impedance calculation. The bandwidth of Case 3 (0.4Hz) and Case 5 (28.2Hz) are much lower and higher than the lowest perturbation frequency (1.9Hz), respectively, while the bandwidth of Case 4 is close to 1.9Hz. As can be seen, the bandwidth of PLL does not influence the measurement results of Ydd, On the other hand, the bandwidth of PLL significantly influence the measured admittance of Yqq. The higher the bandwidth of PLL is, the larger the measured error is. In order to further verify the effectiveness of the analysis results and the proposed method, a small-scale prototype based on the proposed impedance measurements setup is built. Fig. 8 shows the detailed experimental setup of the impedance measurement unit. A programmable three-phase voltage source is used to emulate the power grid. Two Danfoss converters were used, one was considered as the inverter under test, the other is used as the source of the perturbation injection. The dq-domain output admittance of the inverter was measured to validate the theoretical analysis on the impact of the sysnchronization phase angle used for impedance measurement. The current transducer LA 55-P and voltae transducer LV 25-P are used to acquire current and voltage signals for the calculation of the impedance. The sampled voltage and current were sent to the dSPACE and the synchronization phase was calculated based on the PLL and the voltage and current were recorded in the dq-domain.
In addition, the data are processed in the host computer and the impedance are calculated based on the impedance measurement algorithm. It is noted that all the measured admittance resluts appear spike around 50Hz in the dq-frame. This is due to the existed background harmonic and does not influence the analysis results on the influence of the synchronization phase angle on the perturbation injection and the impedance calculation. Fig.5 , the bandwidth of the PLL and the initial phase angle for the perturbation injection would not influence the impedance measurement results, which match with the simulation results. Fig.10 shows the admittances of Ydd and Yqq under the different synchronization angles for the impedance calculation. Both the experiment and simulation results draw the same conclusion that the lower bandwidth of the PLL is preferred to obtain accurate measurement results. Fig. 11 shows the measured admittance results of Ydd and Yqq based on the proposed method. When the estimation method of synchronization phase proposed in this paper is adopted, the influence of the injected perturbations on the impedance measurement results would be mitigated. 
VII. CONCLUSION
This paper has analyzed the influence of the synchronization phase on the definition of dq-frame used for the impedance measurement. The analysis has shown that the dynamics of the phase angle used for the impedance calculation have significant influences on the measurement results while the dynamics of the phase used for the perturbation injection has little impact on the impedance measurement. Base on the impedance transformation, a new impedance calculation method is proposed which can mitigate the influence of phase dynamics and obtain the impedance accurately. The accuracy of the theoretical analysis and the effectiveness of the proposed method have been confirmed by the simulation and experiment results.
